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TITL E O F THE INVENTION 
DIFFRACTION OPTICAL DEVICE AND OPTICAL SYSTEM INCLUDING SAME 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a dif f ractioryoptical 
device and an optical system including the diffraction 
optical device. More particularly, the present invention is 
intended to realize a diffraction optical device capable of 
suppressing the occurrence of flare light due to diffracted 
light of unnecessary orders, and an optical system including 
the diffraction optical device. 
Description of the Related Art 

Hitherto, there is known a metfhod for reducing 
chromatic aberration by combinincf plural kinds of glass 
materials with each other. Another advanced method for 
reducing chromatic aberrationr by providing a diffraction 
optical device, which develops a diffraction action, on a 
lens surface or in part off an optical system is disclosed in 
the literature of SPIE/vol. 1354 International Lens Design 
Conference (1990), Japanese Patent Laid-open No. 4-213421 
and No. 6-324262, j/.S. Patent No. 5,044,706, etc. This 
method for reducing chromatic aberration is based on a 
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physical phenomenon jCTiat a refracting surface and a 
diffracting surface in an optical system develop chromatic 
aberration in/opposing directions for the light of a certain 
ref erence/wavelength . 

Further, providing a diffraction optical device is 
greatly effective in reducing ttfe aberration of an optical 
system because the diffracti0n optical device is able to 
function similarly to an afspherical lens by changing the 
grating pitch so that dxf tractive power is partly changed • 
While in a refraction optical system one ray of light 
remains as it is after being refracted ./one ray of light is 
divided into plural rays of diffracted light of different 
orders in a diffraction opt ical/sys tern. In the case of 
employing a diffraction optical device in a lens system, 
therefore, the structur^r of a grating must be determined 
such that light in tjtfe wavelength range to be used is 
concentrated in o#e particular order (referred to also as 
"design orders/hereinafter). By concentrating diffracted 
light in the^ design order, diffracted light of other orders 
has a lovr intensity and can be regarded as being absent if 
the ipxensity is zero. 

If rays of diffracted light of orders/other than the 
design order are present, those light 3?ays are focused in 
positions different from that in which the ray of diffracted 
light of the design order is foctfsed, and hence generate 
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flare light that is out of focus with resyfect to the 
designed image plane. For this reason ,/ in an optical system 
utilizing the diffraction effect, it/is important to pay due 
consideration to a spectral distribution obtained with the 
5 diffraction efficiency for diffracted light of the design 

order and behaviors of diff^?^cted light of orders other than 
the design order. Thus, /to effectively utilize the color- 
aberration compensating effect of a diffraction optical 
! %3 device having the a^ove-mentioned properties, it is required 
10;:p that the diffraction efficiency for diffracted light of the 
;;3 design order is sufficiently high over the entire wavelength 
ry range to be/used, and diffracted light is substantially 

concentrated in the design order. 
£T Fig. 7B shows a characteristic of the diffraction 

15 % s efficiency resulting when a diffraction optical device shown 
;==? in Fig. 7A is formed on a certain surface in an optical 
system. 

In the following description, a vrflue of the 
diffraction efficiency is defined by a ratio of an amount of 
diffracted light of each order to a total amount of light 
passing the diffraction optical device. For the brevity of 
explanation, however, ligjax reflected by the boundary 
surface of a grating, etc. are not taken into consideration 
in calculating the value of the diffraction efficiency. In 
25 Fig. 7B, the horizontal axis represents wavelength and the 
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vertical represents diffraction efficiency. 

The diffraction optical device comprises/ a grating with 
a pitch (period) of 200 \xm and a height <^r 1 |xm. The 
grating is made of a material having a/refractive index nd = 
1.513 and the Abbe's number vd = 50^08. The grating has a 
glazed structure as shown in Fig^ 7A. The graph of Fig. 7B 
indicate the diffraction efficiency when the incident angle 
is zero (0 degree). This /diffraction optical device is 
designed such that the /diffraction efficiency in the 
wavelength range to Joe used is maximized for diffracted 
light of 1-order /indicated by a solid line in Fig. 7B). In 
other words f the design order is 1-order. Fig. 7B also 
represents tl-fe diffraction efficiency for light of orders 
around ther design order (1-order ± one order, i.e., 0- and 
2-ordiec indicated respectively by a broken line and a one- 
dot-crtiain line in Fig. 7B). 

As shown in Fig. 7B, the diffraction efficiency for 
light of the design order is maximized at a certain 
wavelength (design wavelength) and is gradually lowered as 
the wavelength departs away from the design wavelength. 
Corresponding to a lowering of the diffraction efficiency 
for light of the design 1-order, diffracted light of other 
orders (0- and 2-orders, etc.) occurs and gives rise to 
unwanted flare light. 

Japanese Patent La id-Open yltfo. 9-127322 discloses an 
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arrangement capable of suppressing a lowering of the 
diffraction efficiency at wavelengths other than the design 
wavelength. With this related art, high diffraction 
efficiency is realized overman entire visible range by 
selecting three kinds of materials and two different grating 
thicknesses in optimum combinations, and arranging a 
plurality of gratings in an adjacently superimposed relation 
with an equal pitch distribution. 

Another arrangement capable o ^suppressing a lowering 
of the diffraction efficiency yg disclosed in Japanese 
Patent Laid-open No. 10-133^9. Gratings are superimposed 
one above the other to l>dve a two-layered sectional shape. 
High diffraction eff^iency is realized over an entire 
visible range by ^efptimizing the refractive indexes of 
materials of t>tfe two-layered gratings, the dispersion 
characteristics thereof, and the thickness of each grating. 

According to the techniques disclosed in the above- 
cited publications, a diffraction optica^: device is made of 
two or more kinds of materials havinq/dif f erent dispersion 
characteristics to reduce phase shafts occurred at 
wavelengths other than the design wavelength when light 
passes the diffraction optical device. As a result, the 
dependency of diffraction/efficiency of the diffraction 
optical device upon wavelengths is greatly suppressed. 
By arranging the diffraction optical device in a 
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refraction optical system, color ^aberration can be reduced 
to a large extent based on a physical phenomenon that the 
direction of dispersion of £*ie diffraction optical device is 
opposed to that of a refraction optical device. It is also 
possible to compensate/other aberrations by utilizing the 
above-mentioned effect that the diffraction optical device 
is able to functi&n similarly to an aspherical lens. 

In the diffraction optical device of the related art, 
however, the grating has a la^tje depth and the dependency of 
diffraction efficiency upmi the incident angle of light upon 
the diffraction optit^al device is increased. This raises a 
problem that tl>e diffraction efficiency is greatly reduced 
depending ja^on layout of the diffraction optical device in 
the optfical system. 

Particularly, when an air laye^ is formed between two 
gratings made of materials different from each other as 
disclosed in Japanese Patent llaid-Open No. 11-223717, 
flexibility in selection 9/f the grating materials is greater 
than that in the diffraction optical device disclosed in the 
above-cited Japanese / Patent Laid-Open No. 10-133149, but the 
dependency of diffraction efficiency upon the incident angle 
of light is fyrrther increased. 
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Accordingly, it is an object of the present invention 
to provide a diffraction optical device capable of 
suppressing a lowering of diffraction efficiency due to the 
dependency thereof upon the incident angle of light, and an 
optical system including the diffraction optical device. 

To achieve the above object, the/present invention 
provides a diffraction optical deyxce comprising a first 
diffraction element and a second diffraction element 
arranged adjacent to each xJther, wherein one of the first 
diffraction element anjzr the second diffraction element has a 
positive power, the^other has a negative power, and the 
first diffraction element reduces an incident angle of light 
upon the second diffraction element. 

Further, the present invention p/rovides a diffraction 
optical device comprising a firs^aif fraction element and a 
second diffraction element a^anged adjacent to each other, 
wherein the first diffrajzxion element and the second 
diffraction element Irave blazed gratings having blazed 
shapes oriented in opposing directions, and the first 
diffraction element reduces an incident angle of light upon 
the secoi>a diffraction element. 

Preferably, the first diffraction element and the 
second diffraction element are made of materials having 
dispersion characteristics different from each other. 



Preferably, an air layer is 




terposed between the 




first diffraction element and/che second diffraction element, 
or the first diffraction element and the second diffraction 
element are arranged in /n intimately contact relation • 
Preferably , the light is a ray of off -axis primary 
light propagating through an optical system in which the 
diffraction elements are disposed. 

Preferably , the diffraction elements are formed to have 
high diffraction efficiency for diffracted light of 
particular order oVer an entire wavelength range to be used 
in the opt ical# // sys tern. 

To achieve the above object, the present invention also 
provides an optical system comprising the diffraction 
optical device set forth above, and a refraction optical 
device. 

Preferably, a wavelength yfange to be used in the 
optical system is a visible/range. 

Preferably, the optical system further comprises an 
iris, wherein a first diffraction element of the diffraction 
optical device has a positive power, a second diffraction 
element of the diffraction optical device has a negative 
power, and the diffraction optical device is arranged in a 
position nearer to an image than the iris. 

Preferably, the optical system further comprises an 
iris, wherein a first diffraction element of the diffraction 
optical device has a negative power, a second diffraction 



element of the diffraction optical device has a positive 
power, and the diffraction optical device is arranged in a 
position nearer to an object than the iris. 

Further objects , features and advantages of the present 
invention will become apparent from the following 
description of the preferred embodiments with reference to 
the attached drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1A is a sectional view of an optical system 
according to a first embodiment of the present invention, 
and Fig. IB schematically shows the structure of a 
diffraction optical device; 

Fig. 2 is a graph showing the diffraction efficiency of 
the diffraction optical device according to the first 
embodiment of the present invention; 

Fig. 3 is a diagram showing the position of a pupil of 
the optical system and the incident angle of light upon a 
grating in the first embodiment of the present invention; 

Fig. 4A is a sectional view of an optical system 
according to a second embodiment of the present invention, 
and Fig. 4B schematically shows the structure of a 
diffraction optical device; 

Fig. 5 is a diagram showing the position of a pupil of 
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the optical system and the incident angle of light upon a 
grating in the second embodiment of the present invention; 

Fig, 6A is a sectional view of an optical system 
according to a modification of the second embodiment of the 
present invention, and Fig. 6B schematically shows the 
structure of a diffraction optical device; and 

Fig. 7A shows the structure of a single-layer grating 
of the related art, and Fig. 7B is a graph showing the 
dependency of diffraction efficiency of the single-layer 
grating upon wavelengths. 



Embodiments of the present invention will be described 
below. 

(First Embodiment) 

Fig. 1A is a sectional view of an optical system 
according to a first embodiment of the present invention. 

This embodiment represents the case where a diffraction 
optical device is employed in an extender for a photographic 
lens . 

In Fig. 1A, numeral 101 denotes an overall optical 
system comprising a master lens 102, an extender 103, and an 
iris 107. Numeral 105 denotes an image plane and 104 
denotes an optical axis. A diffraction optical device 106 



DESCRIPTION OF THE PREFER RED EMBODIMENTS 



is provided within the extender 103. 

Fig. IB schematically shows the structure of the 
diffraction optical device according to this embodiment. As 
shown in Fig. IB, a first diffraction element 106a having a 
positive power (power op = 1/f : f is the focal length) and a 
second diffraction element 106b having a negative power are 
arranged adjacent to each other with an air layer 106c 
interposed between them. The first diffraction element 106a 
having a positive power is arranged on the side nearer to an 
object (i.e., on the light incident side of the air layer). 

In Fig. IB, grating portions of the two diffraction 
elements 106a, 106b are illustrated in enlarged scale for 
clearly showing an arrangement that two gratings (kinoforms) 
of the diffraction elements 106a, 106b have blazed shapes 
oriented in opposing directions. 

As with the other lenses of the optical system 101, the 
diffraction optical device 106 has a structure rotationally 
symmetrical about the optical axis 104. As shown, the two 
diffraction elements 106a, 106b of the diffraction optical 
device 106 are each formed on a flat surface of a base plate, 
and the diffraction optical device 106 is joined to a lens 
110. In the optical system of this embodiment, the incident 
angle of light upon the diffraction optical device 106 is 
increased as the image height increases. 

Fig. 2 is a graph showing the diffraction efficiency of 
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the diffraction optical device. The graph of Fig, 2 
indicates the diffraction efficiency resulting when the 
incident angle is 0, + 6 and - 6 degrees. The diffraction 
efficiency is represented by a percentage normalized based 
on the amount of light having passed the diffraction optical 
device. As seen from Fig. 2, the dependency of diffraction 
efficiency upon wavelengths is not the same and is 
asymmetrical between the case of the incident angle being + 
6 degrees and the case of the incident angle being - 6 
degrees. In this embodiment wherein the diffraction optical 
device 106 having the above-described construction is 
arranged in the refraction optical system, taking into 
account the incident angle of off-axis light upon the 
diffraction optical device 106 , the first diffraction 
element 106a having a positive power is arranged on the side 
nearer to the object as shown in Fig. IB. This arrangement 
is effective to reduce the incident angle of light upon the 
second diffraction element 106b having a negative power and 
arranged on the side nearer to the image plane. 

The diffraction efficiency shown in Fig. 2 represents 
the cases where the incident angle 8 is set to 0, + 6 and - 
6 degrees. When the incident angle is smaller than ± 6 
degrees, the asymmetry in the dependency of diffraction 
efficiency upon wavelengths is reduced. Also, as the 
incident angle increases from ± 6 degrees, the asymmetry in 
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the dependency of diffraction efficiency upon wavelengths is 
increased. In the case where the incident angle of light 
upon the diffraction optical device 106 is positive, the 
incident angle of light upon the second diffraction element 
/5 106b on the exit side is reduced by the first diffraction 

element 106a on the entrance side, and therefore the 
asymmetry in diffraction efficiency between the positive 
incident angle and the negative incident angle is lessened 
S as compared with the case where the incident angle of light 

10/J upon the diffraction optical device 106 is negative. 

-. =^ 

:;U In the arrangement of this embodiment, as shown in Fig. 

;;f= 3, the iris (pupil) 107, the diffraction optical device 106, 

and the image plane 105 are disposed successively in this 
p order from the side nearer to an object 108. A ray of off- 
15 □ axis primary light 109 enters the diffraction optical device 
D 106 at an angle shown in^Fig. 3. The two diffraction 

elements 106a, 106b of the diffraction optical device 106 
may be arranged such that the first diffraction element 106a 
having a positive power is located on the side nearer to the 
20 object as indicated by (a) in Fig. 3, or such that the 

second diffraction element 106b having a negative power is 
located on the side nearer to the object as indicated by (b) 
in Fig. 3. As described above in connection with Fig. 2, 
however, the dependency of diffraction efficiency upon 
25 wavelengths is not the same and is asymmetrical between the 
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case of the incident angle being positive and the case of 
the incident angle being negative. Accordingly, in this 
embodiment , the first diffraction element 106a having a 
positive power is arranged nearer to the object than the 
second diffraction element 106b having a negative power, as 
indicated by (a) in Fig. 3. By employing such an 
arrangement, the incident angle of light upon the second 
negative diffraction element 106b is reduced and a lowering 
of the diffraction efficiency is suppressed. 

In this embodiment, the first diffraction element 106a 
having a positive power is made of an optical material 1 
(having a refractive index nd = 1.635 and the Abbe's number 
vd = 23), and the second diffraction element 106b having a 
negative power is made of an optical material 2 (having a 
refractive index nd = 1.5250 and the Abbe's number vd = 
4 7.8). The grating heights of the first and second 
diffraction elements 106a, 106b are set respectively to dl = 
6.9 x 10" 3 (mm) and d2 = 9.5 x 10~ 3 (mm). Then, both the 
diffraction elements 106a, 106b are arranged adjacent to 
each other with the air layer interposed between them. The 
diffraction optical device is constructed as mentioned above, 
by way of example, in this embodiment, but the kinds of 
optical materials and the grating heights are not limited to 
the examples. Also, this embodiment has been described in 
connection with the case where the diffraction optical 



device is arranged in an extender for a photographic lens. 
However, the present invention is not limited to that case, 
and similar advantages are obtained by applying the 
technique of this embodiment to any other optical system 
including a diffraction optical device. 
(Second Embodiment) 

Fig. 4A is a sectional view of an optical system 
according to a second embodiment of the present invention. 
In Fig. 4A, numeral 201 denotes an optical system including 
a diffraction optical device 202 , an optical axis 2 03, an 
image plane 204, and an iris 205. This embodiment 
represents the case where the diffraction optical device is 
applied to a telephoto lens for a photographic lens . 

Fig. 4B schematically shows the structure of the 
diffraction optical device according to this embodiment. As 
shown in Fig. 4B, a first diffraction element 202a having a 
negative power and a second diffraction element 2 02b having 
a positive power are arranged in an adjacently superimposed 
relation between two base plates with an air layer 2 02c 
interposed between both the diffraction elements. 

In this second embodiment, as shown, the first 
diffraction element 2 02a having a negative power is arranged 
on the side nearer to an object. In Fig. 4B, grating 
portions of the first and second diffraction elements 2 02a, 
202b of the diffraction optical device 202 are illustrated 
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in enlarged scale for clearly showing an arrangement that 
two gratings (kinoforms) of the first and second diffraction 
elements 106a, 106b have blazed shapes oriented in opposing 
directions . 

5 Also, in this second embodiment, the dependency of 

diffraction efficiency upon wavelengths is asymmetrical, as 
shown in Fig. 2, between the case of the incident angle 

[ «j being positive and the case of the incident angle being 

2 negative. 

Jo In the arrangement of this embodiment, as shown in Fig. 

5, the diffraction optical device 202, the iris (pupil) 205, 
and the image plane 204 are disposed successively in this 
□ order from the side nearer to an object 208. A ray of off- 

axis primary light 209 enters the diffraction optical device 
3J5 202 at an angle shown in Fig. 5. 

The two diffraction elements 2 02a, 202b of the 
diffraction optical device 2 02 may be arranged such that the 
second diffraction element 202b having a positive power is 
located on the side nearer to the object as indicated by (a) 
20 in Fig. 5, or such that the first diffraction element 202a 

having a negative power is located on the side nearer to the 
object as indicated by (b) in Fig. 5. Taking into account 
the fact that the dependency of diffraction efficiency upon 
wavelengths is asymmetrical between the case of the incident 
25 angle being positive and the case of the incident angle 



being negative as shown in Fig. 2, however, the incident 
angle of light upon the second positive diffraction element 
202b is reduced and a lowering of the diffraction efficiency 
is suppressed in this embodiment by arranging the first 
diffraction element 202a having a negative power nearer to 
the object than the second diffraction element 202b having a 
positive power, as indicated by (b) in Fig. 5. 

Thus, by arranging the diffraction elements 2 02a, 202b 
in the order indicated by (b) in Fig. 5, a lowering of the 
diffraction efficiency due to the dependency thereof upon 
the incident angle can be suppressed. 

Fig. 6A shows a modification of the second embodiment. 
In Fig. 6A, numeral 301 denotes an optical axis, 303 denotes 
an iris, 304 denotes an image plane, and 3 05 denotes a 
diffraction optical device. The diffraction optical device 
305 shown in Fig. 6A has a structure shown in Fig. 6B. More 
specifically, a first diffraction element 305a having a 
negative power and a second diffraction element 305b having 
a positive power are arranged within a lens device 306 in an 
adjacently superimposed relation with an air layer 305c 
interposed between both the diffraction elements. 

The reason why the first diffraction element 305a 
having a negative power is arranged nearer to the object 
than the second diffraction element 305b having a positive 
power is the same as that in the second embodiment. While 



the above description has been made in connection with a 
photographic lens, the present invention not limited to such 
an application. Also, the present invention is applicable 
to a diffraction optical device having no power. 

According to the first and second embodiments , as 
described above, a lowering of the diffraction efficiency 
due to the dependency thereof upon the incident angle of 
light can be suppressed. It is therefore possible to 
realize a diffraction optical device having high diffraction 
efficiency, and an optical system including the diffraction 
optical device. 

While the present invention has been described with 
reference to what are presently considered to be the 
preferred embodiments, it is to be understood that the 
invention is not limited to the disclosed embodiments. On 
the contrary, the invention is intended to cover various 
modifications and equivalent arrangements included within 
the spirit and scope of the appended claims. The scope of 
the following claims is to be accorded the broadest 
interpretation so as to encompass all such modifications and 
equivalent structures and functions. 



